[1] An active seafloor hydrothermal system subjects the background sediments of the Grimsey Graben (Tjörnes Fracture Zone) to alteration that produces dissolution of the primary volcaniclastic matrix and replacement/precipitation of sulfides, sulfates, oxides, oxyhydroxides, carbonates and phyllosilicates. Three types of hydrothermal alteration of the sediment are defined on the basis of the dominant hydrothermal phyllosilicate formed: smectite, kaolinite, chlorite. The most common alteration is near-total conversion of the volcaniclastic material to smectite (95-116°C). The dominant smectite in the deepest sediments sampled is beidellite, which is replaced by montmorillonite and an intimate mixture of di-and tri-octahedral smectite up core. This gradual vertical change in smectite composition suggests an increase in the Mg supply upward, the result of sediment alteration by the ascending hydrothermal fluids mixing with descending seawater. The vertical sequence kaolinite ! kaolinite-smectite mixed-layer ! smectite from bottom to top of a core, as well as the distinct zonation across the veins (kaolinite in the central zone ! kaolinite-smectite in the rim), suggests hydrothermal transformation of the initially formed smectite to kaolinite through kaolinite-smectite mixed-layer (150-160°C). The cause of this transformation might have been an evolution of the fluids toward a slightly acidic pH or a relative increase in the Al concentration. Minor amounts of chamosite fill thin veins in the deepest sections of some cores. The gradual change from background clinochlore to chamosite across the veins suggests that chamosite replaces clinochlore as Fe is made available from hydrothermal dissolution of detrital Fe-containing minerals. The internal textures, REE distribution patterns and the mode of occurrence of another magnesian phyllosilicate, kerolite, suggest that this mineral is the primary precipitate in the hydrothermal chimneys rather than an alteration product in the sediment. Kerolite precipitated after and grew on anhydrite in the chimneys. Oxygen isotope ratios are interpreted to reflect precipitation of kerolite at temperatures of 302°to 336°C. It accumulated in the hydrothermal mounds following the collapse of the chimneys and subsequent dissolution of anhydrite, thereby forming highly permeable aquifer layers underlying the vent field. Some kerolite was redeposited in the near vent field sediments by turbidity flows. The altered sediments are depleted in Mn, Rb and Sr, and enriched in U, Mo, Pb, Ba, As, Bi, Sb, Ag, Tl and Ga, as a result of leaching and precipitation, respectively. Conservative elements (Ti, Zr, Hf, Sc, Cr, Nb and Sn) are depleted or enriched in the altered sediments because of passive (precipitation or leaching of other phases) rather than active (because of their mobility) processes.
Introduction
[2] Hydrothermal circulation through the sediment blanket of a sedimented spreading center results in partial discharge of the hydrothermal fluid, change of its composition and extensive alteration of the primary sediment. This process has significant impact on seawater composition and on chemistry and physical properties of the crust [Edmond et al., 1979] and therefore it is essential to be understood. Clay-dominated alteration of the sediment overlaying active spreading ridge has been used as an indicator of the types of physical-chemical processes taking place at three sedimentcovered spreading centers: Guaymas Basin on the East Pacific Rise [Lonsdale et al., 1980; Koski et al., 1985] , Middle Valley on Juan de Fuca Ridge [Goodfellow and Blaise, 1988; Percival and Ames, 1993] and Escanaba Trough on Gorda Ridge [Zierenberg and Shanks, 1994] .
[3] Knowledge of hydrothermal alteration was notably absent for shallow-water sediment-covered spreading centers with boiling vent fluids. Such a new type of seafloor hydrothermal system was discovered in a sedimented rift east of Grimsey Island, north of Iceland (Figure 1 ) in 1997 and extensively studied (R/V Poseidon cruises, Jago submersible dives) in the subsequent years (POS-229 in 1997; POS-253 in 1999; and POS-291 in 2002) [Hannington et al., 2001; Riedel et al., 2001 ]. This contribution is intended Rögnvaldsson et al. [1998] ). The Grimsey hydrothermal field is located at the eastern slope of a N-S striking ridge (box; mapped at Figure 1B ). (B) Bathymetry of the Grimsey hydrothermal field (based on Hannington et al. [2001] ) with location of the studied cores. Bold line, boundary of the central boiling zone; dashed line, extent of the bubble plume (in 1997); solid circles, boiling high-temperature vents; open circles, lowtemperature (or not measured) vents; open triangles, background cores; solid triangles, cores with smectite alteration; solid diamond, core with kaolinite alteration [Dekov et al., 2005] ; solid square, core with kerolite layers; numbers next to the triangles, diamond and square, sampling site identification numbers.
to develop the earlier studies by Hannington et al. [2001] and Lackschewitz et al. [2006] who reported on the sediment alteration at Grimsey field, but did not detail it. We aim at providing better insight into the hydrothermal alteration of the sediments at this distinctive new type of vent field and focus mainly on the hydrothermal phyllosilicates.
Geologic Setting
[4] The Grimsey vent field is situated east of Grimsey Island, $30 km north of Iceland (Figure 1 ). It lies in the Grimsey Graben, a sediment-filled (buried to an average depth of 100 m; seismic data; T. Kuhn, personal communication, 2003) pull-apart basin within the Tjörnes Fracture Zone (TFZ) (Figures 1A and 1B) . Glacial and volcaniclastic material supplied by both the ice-fed rivers draining the northern Iceland and volcanic eruptions fills the graben [Hannington et al., 2001] . TFZ is a spreading axis offset, which links the north Iceland rift zone with the southern Kolbeinsey Ridge ( Figure 1A ) [Rögnvaldsson et al., 1998 ]. It is a seismically active, 75-km-wide zone of dextral slip with oblique extension. The shallow-water ($400 m) vent field occurs near the summit of two mound structures on the eastern slope of a N -S striking ridge ( Figure 1B ) and is composed of about 20 anhydrite mounds (up to 10 m in diameter) and chimneys (1 -3 m high) venting high-temperature (250°C), clear, metal-depleted hydrothermal fluids [Hannington et al., 2001] . Two facets of the Grimsey hydrothermal fluid chemistry [Lackschewitz et al., 2006] are essential for the current contribution: (1) Mg concentration in the fluids (37 -44 mM) is supposed to reflect fluid-seawater mixing within the hydrothermal mounds; (2) SiO 2 concentration in the hydrothermal end-member (11 mM) presumably reflects extensive fluid-sediment reaction below the seafloor. Boiling hydrothermal springs and shimmering water (submersible observations), and hot sediments (up to at least 102°C; cored in the central part of the field) indicate that the entire vent field is thermally active and the fluid boiling occurs within the upflow zone beneath the hydrothermal mounds [Hannington et al., 2001; Kuhn et al., 2003] . A model of the possible hydrothermal circulation patterns at Grimsey vent field has been developed by Kuhn et al. [2003] . Around the vent field the seafloor has an undulating or hummocky surface inferred to be a sign of buried, old, dead hydrothermal mounds [Hannington et al., 2001] .
Material and Methods
[5] We investigated over 300 sediment samples [bulk, silt (2 -63 mm) and clay (<2 mm) fraction] from 11 sediment cores (gravity corer; Table 1 ): 4 are situated within the central boiling zone; 3 outside it, but still in the hydrothermal field; and 4 outside the hydrothermal field as reference background sediment ( Figure 1B ). Sediment core temperatures (Table 1) were measured with a digital temperature probe inserted in the sediment at the ends of the core barrels on deck after recovery of the cores [Hannington et al., 2001] , and therefore record only minimum in situ temperatures and are limited by the boil point of seawater.
[6] All samples were freeze-dried, weighed and divided into a fine (<63 mm) and a coarse (>63 mm) fraction by wet sieving. Grain size separation into silt and clay fraction was performed by settling of water suspensions in standing cylinders according to Stokes' law [Moore and Reynolds, 1989] . Mineralogy of the bulk sediment, and silt and clay fractions was determined by X-ray diffractometry (XRD): Philips X-ray diffractometer PW 1710 with monochromatic Cu K a radiation, 40 kV, 30 mA. X-ray scans of the bulk samples were performed from 2 to 70°2q, with steps of 0.02°2q, and velocity 1 s/step. Onboard smear-slides observations by conventional optical microscopy were combined with laboratory XRD studies to determine the relative proportions of the principal sediment-forming minerals (especially the X-ray amorphous volcanic glass). Oriented clay specimens were produced by vacuum filtration through a 0.15 mm acetate filter. Measurements were carried out on air-dried, glycol-saturated, and heated airdried specimens (after heating at 400°C and 500°C). They were scanned from 2 to 40°2q, with steps of 0.02°2q, at 1 s/step. Randomly oriented specimens were produced to identify di-or tri-octahedral clay minerals from the 060 reflections (57 -64°2q scans, steps of 0.02°2q, at 120 s/step). Chlorite and kaolin polytypes (for the kaolin minerals kaolinite vs. dickite) were determined by analysis of randomly oriented specimens: 33 -47°2q, 0.02°2q steps, velocity 120 s/step; and 20-55°2q, 0.02°2q steps, velocity 60 s/step, respectively.
[7] The percentage of the swelling smectitic layers in the interstratified clay minerals was estimated by comparing our experimental patterns with the computer-modeled X-ray diffraction profiles by Brindley and Brown [1980] .
[8] Scanning electron microscope (SEM) observations were made on Au-coated specimens of fragments of bulk samples and of selected (conventional stereo-microscope Olympus C3030-ADL) single mineral grains using a JEOL JSM-5410LV electron microscope.
[9] For major and trace element analysis, bulk sediment samples and separated clay-size (<2 mm) fractions were oven dried at 40°C and then ground. The major element composition was determined using a Philips (PW 1400) X-ray fluorescence (XRF) spectrometer and a JEOL JXA-8900R electron microprobe (V = 15 keV, I = 20 nA, electron beam diameter 3 mm). For XRF analysis, the samples were dried at 900°C and melted after mixing 600 mg of sample with 3600 mg of Li 2 B 4 O 7 . For the microprobe analysis, the samples were prepared as polished sections and areas with voids were avoided. Trace elements were analyzed by ICP- MS using a VG Plasma-Quad PQ 1. Total dissolution of the bulk sample was performed by pressurized HF-HClO 4 -aqua regia attack [Garbe-Schönberg, 1993] . The accuracy of the analytical results was controlled by measuring international standard reference material: BHVO-1, BIR-1, MAG-1.
[10] Pore fluid samples were obtained from 2 sediment cores (434 SL, 441 SL) by high-purity (99.9990%) N 2 pressure filtration (all-Teflon pore fluid press) of sediment slices through 0.2 mm polycarbonate membrane filters. All sediment handling and sub-sampling was under high-purity N 2 sheeth gas using a plastic glove bag (AtmosBag TM) in order to avoid oxidation of reduced metal species. Extracted pore fluids were immediately acidified with subboiled nitric acid to pH < 2 and stored in sealed and cooled polypropylene microvials until analysis. Subsequent analysis of pore fluids was by ICP-MS (Mn, Li, U, Mo, Ba, Sb) and ICP-OES (Mg, Fe, Sr) . Prior to the analysis the pore fluid samples were diluted 20-fold (ICP-MS) and 10-fold (ICP-OES) with 2% (v/v) subboiled nitric acid in the home lab. Indium, Re, and Y were used as internal standards, respectively. The calibration strategies were as in the study of Garbe-Schönberg [1993] . During the ICP-MS analysis a weak signal suppression originating from the seawater matrix was evident from the spiked seawater samples. This interference has been corrected. Certified reference materials NASS-5, CASS-4, NIST 1643d, and IAPSO were run as unknowns along with the pore fluid samples for validation of the calibration and as a concurrent check of accuracy.
[11] Prior to oxygen isotope analysis, clay samples were purified by differential density separation in several liquids and free Fe and Mn oxides were removed using the method of Mehra and Jackson [1960] . Six samples were found to be sufficiently pure (>95% monomineralic clays; XRD determination) for stable oxygen isotope measurements. Oxygen was extracted from silicates using the ClF 3 method [Clayton and Mayeda, 1963; Borthwick and Harmon, 1982] . The samples were transferred to Ni reaction vessels and dried for 2 hours at 150°C at high vacuum. They were then reacted with ClF 3 at 600°C for 12 hours. Oxygen was quantitatively converted to CO 2 , which then was analyzed isotopically in a Finnigan MAT 251 stable isotope mass spectrometer. Oxygen isotope ratios are expressed in the conventional d notation as deviation in per mil from standard mean ocean water (SMOW). The oxygen isotope value of the NBS-28 standard [Matsuhisa, 1974] was determined (n = 9) as d 18 O = 9.6 ± 0.1% VSMOW. The oxygen isotope values of the minerals were used to calculate mineral formation temperatures assuming water-mineral isotope equilibrium. Oxygen isotope equilibration temperatures were calculated using the fractionation equations of Savin and Lee [1988] for smectite (used for montmorillonite), of Kulla and Anderson [1978] for kaolinite (used for kaolinite-smectite), and P. J. Saccocia et al. (unpublished data, 2008;  
Results

Background Sediments
[12] The Grimsey Graben sediments taken outside the hydrothermally active area ( Figure 1B) can be considered to be background precursors of the altered sediments. The background sediments are composed mostly of volcaniclastic material. Volcanic glass, plagioclase (Na-anorthite, andesine), pyroxene (augite) and quartz (in descending order of their abundance) are the most abundant mineral phases in the background sediments and are present in both the coarse and clay sediment fractions. They are more abundant than clay minerals even in the <2 mm fraction. As no evidence for an in situ hydrothermal formation of quartz has been found (SEM observations) quartz is considered to be detrital in origin (presumably from rhyolitic and dacitic rocks in northern Iceland as well as ice-rafted by the East Icelandic Current from Greenland). The relatively fresh volcaniclastic material reveals some features of background seafloor weathering. Clays [montmorillonite, Al-illite and chlorite (clinochlore II b)], interpreted to be either product of this weathering or detrital, are sparse and show no trends in abundance or crystallinity with depth (on the basis of XRD studies).
Altered Sediments
[13] The cores from within the hydrothermal field have lithology that exhibits alteration features: dense network of veins and veinlets, and zones of gradual color and density changes. The hydrothermal circulation through the Grimsey sediments has resulted in dissolution of the parent volcaniclastic matrix, and replacement by/or precipitation of sulfides, sulphates, oxides, oxyhydroxides, carbonates and phyllosilicates. Primary (euhedral) and diagenetic (framboidal) pyrite and marcasite are the only sulfides found in the Grimsey sediments (Figures 2A and 2B ). They appear as vein networks (euhedral), lenses (euhedral, framboidal) or single grains (framboidal) scattered in the sediment (XRD analyses, not shown). Marcasite occurs only in the deepest parts of the sediment cores, while pyrite was found throughout the cored sediment and in all sediment fractions. Anhydrite, gypsum and barite ( Figures 2C to 2E ) also occur in the deepest core sections. Jarosite ( Figure 2F ) is rare. Mnsiderite and Fe-rhodochrosite have been found in a few samples of one core only. Goethite is often observed in veins. Anatase occurs as traces in almost all the samples.
[14] Phyllosilicates are sensitive indicators of the physico-chemical conditions at seafloor hydrothermal sites and therefore they are a powerful probe to understand the hydrothermal processes. However, they have not been sufficiently investigated at these sites because sulfides, sulphates and oxyhydroxides have been given preference. On the basis of the dominant hydrothermal phyllosilicate at the Grimsey vent field, we identified 3 distinct types of hydrothermal alteration of the primary sediment, producing smectite, kaolinite and chlorite, respectively. We comment on them in the flowing sections.
Smectite Alteration
[15] Near-total conversion of the primary volcaniclastic material to smectite is the most common alteration of the Grimsey sediments. The matrix of six (335 SL, 337 SL, 359 SL, 433 SL, 441 SL, 459 SL) of the 11 studied cores consists of smectite. In the deepest horizons (>1.5 m) of the cored sediment, montmorillonite and beidellite (in almost equal proportions) are the only smectites (Figures 3 and 4A) . Beidellite overgrows and replaces aluminosilicate grains forming a honeycomb texture ( Figure 5A ). It is almost purely aluminous smectite ( Figure 5B ). Montmorillonite forms tight stacks of flaky crystals ( Figure 5C ) and contains Mg and Fe ( Figure 5D ). The amount of beidellite decreases and montmorillonite dominates upcore (Figures 3 and 4A) . From the middle core sections ($1.5 m) upward, the dominant smectite is an intimate mixture of di-and trioctahedral smectite (Figure 3 ) with the 060 peak at 1.51-1.52 Å (an intermediate value between those of Fe-rich and Mg-rich smectite). Sediment alteration associated with veining is restricted to the vicinity of the veins. Montmorillonite is the main clay mineral in all zones across the veins, but the amount of beidellite gradually decreases from the vein halos to the veins (Figure 3 ).
Kaolinite Alteration
[16] Sediments at a site (369 SL) situated among several high-temperature vents in the Grimsey vent field ( Figure 1B ) were described in a previous study ( Figure 3 in the study of Dekov et al. [2005] ). These sediments exhibited features of severe hydrothermal alteration: near-total dissolution of the volcaniclastic material that composes the background sediment, sulfate and sulfide precipitation and kaolinitization. Smectite, precipitated in the shallowest sediment, is gradu- ally replaced downward by mixed-layer kaolinite-smectite and pure, well-crystallized kaolinite ( Figures 4B, 4C , 5E, and 5F). No dickite was found. The extensive sulfate and sulfide precipitation in the lower section (>2 m) of the cored sediment and gradual kaolinitization of primary smectite down core (>0.8 m) is the essential difference between this and the other sites cored at Grimsey field.
Chlorite Alteration
[17] Trace amounts of magnesian chlorite (clinochlore) are present in almost all the samples. Detailed XRD studies showed this to be the monoclinic IIb-2 polytype. Since Figure 3 . Schematic stratigraphic log of core 433 SL. Starlets, studied samples; n.a., not analyzed; Ad, andesine; Ag, augite; An, anorthite; At, anatase; Bd, beidellite; Bt, barite; Ch, chamosite; Cl, clinochlore; Cp, clinoptilolite; Ct, calcite; Gt, goethite; I, illite; Jr, jarosite; K, kaolinite; Kr, kerolite; Ms, marcasite; Mt, montmorillonite; Py, pyrite; Q, quartz; S, smectite; Sg, syngenite; Sp, saponite. These were arranged in descending order estimated according to the main peak intensities.
traces of clinochlore are always present in the background Grimsey sediment as well, we consider that clinochlore is detrital (fluvial or ice-rafted from northern Iceland) rather than a hydrothermal alteration product.
[18] Minor amounts of ferrous chlorite [chamosite, orthohexagonal 1bb (b = 90°) polytype] fill thin veins in the deepest sections of some cores ( Figure 3 ). The mineral association gradually changes across these veins ( Figure 3 ): from major pyrite ± marcasite ± goethite in the vein through goethite + pyrite to pyrite traces in the background sediment, and chamosite ± clinochlore (vein) ! chamosite ! clinochlore (background sediment). In contrast to the ubiquitous smectite alteration and the local kaolinite alteration throughout the sediment at a site the chlorite alteration is 
Kerolite Precipitates
[19] The lithologic and grain-size studies showed that one of the cores (459 SL) exhibited inverse (rarely normal) graded bedding (clayey layer at the base, clayey with sandsized particles in the middle, clayey with gravel-sized particles on top) and ripplemarks ( Figure 6 ), which are typical features of high-density muddy turbidite flows. The coarse particles are relatively hard, angular to rounded (rarely), and 1 -5 mm (rarely 1 -2 cm) in size. These sediments were described on board as ''ash layers'' and are presumed to be hydrothermal aquifers at the Grimsey field, because of their relatively high permeability [Hannington et al., 2001] . However, it appeared that all sand-and gravel-sized fragments from these layers were not ash, but kerolite lumps ( Figure 4D ) with the characteristic botryoidal habit of ''talc'' found lining the conduits of active chimneys [Hannington et al., 2001; Kuhn et al., 2003] . The perfectly rounded grains, originally thought to be ice-rafted debris, were kerolite as well. The kerolite lumps are crumbly, white, sometimes with a greenish or greyish hue on the surface, with a pearly lustre, and colloform with a mamillated surface ( Figure 7A ). The colloform bulbs are hollow, having cavities with square cross-sections (Figures 7A and 7H) . We interpret the hollow prismatic cavities in the kerolite lumps to be casts of dissolved anhydrite crystals (see [40] ). Small ($10 mm) botryoids of fine lamellar crystals ( Figures 7C and 7E ) grow on the internal layers of the kerolite lumps. The higher the Mg content in the botryoids ( Figures 7B, 7D , and 7F) the bettercrystallized are the kerolite crystals. Better-crystallized kerolite forms an open interlocking network ( Figure 7G ). The internal texture of the kerolite lumps is concentric ( Figure 7H ), with alternating fine layers of radiating kerolite. Tiny pyrite crystals occur scattered in the kerolite lumps ( Figure 7H ).
Sediment Geochemistry
[20] Major-element, minor-element and O isotopic composition of the smectite, kaolinite and kerolite are given in Tables 2 and 3 . The variations in major-element composition of smectite (montmorillonite) and kerolite (Table 2 ) are in the theoretically expected frames for these mineral phases. The major-element composition of kaolinite-smectite varies noticeably (Table 2) .
[21] The unusually high Ti content in montmorillonite and kaolinite (Table 2) is beyond the theoretically possible. This resulted in anomalous structural formulae for montmorillonite and kaolinite, if it is assumed that all of the Ti is incorporated in the clay minerals. We closely inspected the XRD patterns and came to conclusion that the elevated Ti concentrations were the result of analyzing fine anatase (TiO 2 ) particles along with the clays, either by the electron beam or by the bulk XRF analyses. We have therefore . Note the alternating colloform growth of the radiating kerolite, the fine-grained sulfides (white particles) and the hollow casts at the center. Unmarked peaks around 2 and 10 keV (EDS spectra) are those of Au from the coating. subtracted the Ti content when calculating the structural formulae of the montmorillonite and kaolinite. Structural formulae of montmorillonite (Table 2) were estimated on the basis of 22 oxygen atoms using the XRF data.
[22] The estimated structural formula of the kaolinitic material from the deepest horizon (core 369 SL), calculated on the basis of 18 oxygen atoms from the microprobe data (subtracting the Ti; see [21] ) was: [23] This formula indicates kaolinite. The mixed-layer kaolinite-smectite contains up to 10% swelling smectitic layers ( Figure 4C ). Kaolinite-smectite is a hybrid between tetrahedral-octahedral-tetrahedral and tetrahedral-octahedral structures and the calculation of structural formulae is meaningless.
[24] The kerolite structural formulae (Table 2) were estimated on the basis of 22 oxygen atoms, using the electron microprobe data.
[ O Grimsey pore fluids in the calculation of kerolite (vent precipitate) formation temperature. It can be seen that there is no substantial difference between either calculation and we have presented both sets of estimations (Table 2) .
[26] The minor amount of chamosite vein filling did not allow us to separate enough material for detailed study.
[27] In respect to trace and rare earth element concentrations the unaltered background sediments exhibit a fairly narrow range of fluctuations (Table 3) . Kerolite shows a pretty stable trace and REE composition, while the smectite and particularly the kaolinite display sizable trace and REE variations (Table 3 ).
Pore Fluid Chemistry
[28] The background sediment pore fluids have varying Mg concentrations (41.9 -52.3 mM), but mainly less than that of the bottom seawater (51.2 mM [Lackschewitz et al., 2006] ) while the altered sediment pore fluids have Mg content (46.4 -53.3 mM) about or exceeding that of the seawater (Table 4) . Iron, Mn and Li concentrations of the background sediment pore fluids are less than those of the altered sediment pore fluids (Table 4) . They show no clear trend down the background sediment core, while a substantial Fe, Mn and Li content increase is observed down the altered core (Table 4) . Strontium is enriched in the altered sediment pore fluids relative to the background (Table 4) .
Discussion
Sources of Background Sediment Material
[29] Interpretation of the origin of the background sediment requires knowledge of the geology of the surrounding formations. The closest possible provenance areas feeding the Grimsey Graben are the Kolbeinsey Ridge and north Iceland ( Figure 1A) . We therefore consider the Kolbeinsey basalts and the most common magmatic formations of north Iceland, Theistareykir basalts and Krafla rhyolites, to be possible contributors to the background sediments at the Grimsey Graben. We estimated the contributions of different possible sources using the REE distribution patterns. The REE distribution patterns of the Grimsey background sediments lie between those of the Krafla rhyolites and Theistareykir basalts and have similar features to them: enrichment in LREE relative to the HREE, no Ce anomaly ( Figure 8A ). The lack of Eu anomaly in the Grimsey background sediments could result from the counterpoise of the negative Eu anomaly of the Krafla rhyolites with the slightly positive Eu anomaly of the Theistareykir basalts ( Figure 8A ). Simple modeling (conservative mixing) suggests that a mixture of 40% average rhyolitic material from Krafla with 60% average basaltic material from Theistareykir explains the observed REE patterns of the Grimsey background sediment ( Figure 8A ). We acknowledge the minor discrepancies between the modeled mixture and background sediment and consider this tentative assessment our best estimation, which implies that the Krafla rhyolites and Theistareykir basalts are the sources of the volcaniclastic material forming the Grimsey background sediments. The mineralogical data ([12] ) is also consistent with inputs from north Icelandic rhyolites and basalts. The southern Kolbeinsey Ridge basalts exhibit different REE patterns (depletion in LREE relative to the HREE) ( Figure 8A ) and their contribution to the Grimsey sediments is unlikely. The narrow stripe in which the Grimsey REE patterns plot suggests homogeneity of the background sediments throughout the studied area.
Hydrothermal Precipitates in Altered Sediments
[30] The presently venting Grimsey hydrothermal fluids do not contain enough metals and sulfur to precipitate abundant sulfides at the seafloor [Hannington et al., 2001] . They display low Fe content (0.7 mM [Lackschewitz et al., 2006] ). The subseafloor boiling might have affected the metal-carrying capacity of the hydrothermal fluids and deposition of sulphides is assumed to occur at greater depth [Hannington et al., 2001] . Therefore the source of Fe for pyrite and marcasite precipitation in the Grimsey altered sediments (upper 4.8 m of the sediment cover (the longest core studied)) is an important issue. A likely Fe source is the detrital Fe-containing minerals (e.g., volcanic glass, augite) abundant in the background sediment ([12] ) which upon hydrothermal alteration would release large amount of Fe. Indeed, the pore fluid studies revealed (Table 4 ) that the Fe concentration in altered core pore fluids (mean 79.7 mM; core 441 SL) is about an order of magnitude higher than that in background core pore fluids (mean 9.47 mM; core 434 SL), two orders of magnitude higher than that in vent fluid (0.7 mM) and three orders of magnitude higher than that in bottom seawater (<0.05 mM). Thus we interpret the formation of Fe-sulfides in the altered sediments as a result of interaction of hydrothermal fluid and/or gas with seawater and detrital Fe-containing minerals. The occurrence of euhedral pyrite and marcasite in vein networks ([13] ) suggests precipitation in the medium of circulating hydrothermal fluids (leaching Fe from the sediment), while the framboidal pyrite and marcasite scattered in the sediment or overgrowing primary sulfides filling veins are obviously diagenetic minerals precipitated from pore fluids. Goethite is probably a secondary mineral after pyrite and marcasite oxidation and its formation suggests changing conditions from reducing to oxidizing. A detailed investigation of sulfide and sulfate precipitation at the Grimsey vent field is expected to appear in light soon [Kuhn et al., unpublished data] .
[31] Precipitation of authigenic Mn-siderite and Fe-rhodochrosite requires a high bicarbonate alkalinity, a very low S 2À concentration and high Fe 2+ and Mn 2+ concentrations in the pore fluid. We do not have data on the alkalinity and S 2À content of the Grimsey sediment pore fluids and can use as a first approach those of the vent fluids which show high alkalinity (2.4 -3.0 meq/l) and very low S 2À ([SO 4 2À ] = 20.6 -25.7 mM) content [Hannington et al., 2001] . The concentrations of Fe 2+ (see [30] ) and Mn 2+ (mean 8.47 mM in altered core (441 SL); mean 2.48 mM in background core (434 SL); 3.2 mM in vent fluid; <0.5 mM in bottom seawater) are fairly high in the pore fluids (Table 4) . Hence, where the alkalinity is high and the S 2À concentration is low, Fe-and Mn-carbonate precipitation is possible in the pore space of sediment.
[32] Anatase is supposed to be an alteration product of Ti-magnetite from the volcanic glass (Ti-magnetite ! Ti-maghemite ! anatase). Its ubiquitous occurrence throughout the cored sediment suggests the process of anatase formation is another source (although minor; anatase is a trace mineral) of dissolved Fe released into the pore fluid.
[33] Overall, the precipitation of minor mineral phases like sulfides, sulphates, oxides, oxyhydroxides and carbonates in the Grimsey vent field sediment is spatially ubiquitous and appears to be essential feature of the hydrothermal alteration process.
Smectite, Kaolinite and Chlorite Alteration
[34] At the Grimsey vent field, hydrothermal smectite forms via alteration of sediment to Mg-Fe dioctahedral smectite. The occurrence of Mg-rich trioctahedral smectite (saponite) within the active vents [Lackschewitz et al., 2006] is not proven in view of the incorrect interpretation of the XRD patterns ( Figure 3 in the study of Lackschewitz et al. [2006] ) and chemical data ( Table 2 in the study of Lackschewitz et al. [2006] ) for the investigated precipitates showing presence of kerolite-smectite mixed-layer, but not saponite. The analyses of submarine vent fluids [Von Damm et al., 1985a , 1985b as well as the experiments on basalt-seawater interaction [Mottl and Holland, 1978] show that the oceanic crust acts as a chemical sink for Mg and quantitatively removes it from circulating hot (70 -500°C [Mottl, 1983] ) hydrothermal fluids. Thus one of the key questions in respect to Mg-phyllosilicates precipitating at this setting is the source of the Mg. Hydrothermal formation of Mg-phyllosilicates at mid-ocean ridge environment therefore requires either (1) entrainment or mixing of Mg-rich bottom seawater or Mg-rich pore fluids with the Mg-poor, silica-rich hydrothermal fluids at the vent site; or (2) redistribution of Mg (without leaching) during alteration of the sediment [e.g., Saccocia and Gillis, 1995] . Mg-metasomatism (1) has been suggested to occur at the other seafloor sediment-covered hydrothermal sites [Koski et al., 1985; Goodfellow and Blaise, 1988; Zierenberg and Shanks, 1994] , whereas Mg-phyllosilicate formation due to Mg redistribution (2) has been described in the shallow basement of the oceanic crust bellow active vent systems [Saccocia and Gillis, 1995] .
[35] The vertical and cross-vein gradual change in smectite composition (from aluminous to magnesian upward and toward the vein center) suggests an increase in the Mg supply toward the seafloor and in the open cracks. This observation does not support an eventual scenario of Mg smectite formation through in situ Mg redistribution without leaching and removal [e.g., Saccocia and Gillis, 1995] . The presence of augite (Mg-containing aluminosilicate) in the upper horizons (<1.6 m) of some cores (Figures 3 and 6 ) and its absence in the lower horizons implies an additional Mg source to the upper part of the sediment. The upward increase in Mg in the cores could also be the result of hydrothermal dissolution of primary Mg-containing aluminosilicates (augite, volcanic glass) from the deeper sediments and upward transport of Mg leading to Mg-metasomatism of Figure 8 . C1 chondrite-normalized [Sun and McDonough, 1989 ] REE distribution patterns for the following sediments, rocks and minerals. (A) Unaltered Grimsey background sediments (cores 434 SL, 439 SL, 448 SL, 452 SL), and three possible source areas: Krafla rhyolites [Hemond et al., 1993] , Theistareykir basalts (Slater et al. [1998] ; Bondholshraun, Theistareykirhraun, and Asbyrgi flows from Stracke et al. [2003] ), and South Kolbeinsey basalts [Devey et al., 1994] Table 4 ) suggests an additional Mg source during sediment alteration. Definitely the Mg source to the upwelling hydrothermal fluids is not the downwelling seawater alone, but also the background sediment which upon hydrothermal leaching additionally supplies Mg to the system. The Mg smectite (montmorillonite and di-, tri-octahedral smectite) is therefore a result of sediment alteration by the ascending hydrothermal fluids (zero-Mg) mixing with descending seawater (Mg-rich) with the additional Mg supply from the background sediment. We suppose that the background sediment contributes to the net Mg balance of the alteration products at the other sedimented ridges as well via dissolutionreprecipitation mechanism.
[36] The noticeable major-, trace-and rare earth element variations in kaolinite-smectite (Tables 2 and 3 ) are supposed to be function of the percentage (5 -10%) of the interstratifying smectitic layers. The vertical sequence kaolinite ! kaolinite-smectite ! smectite (core 369 SL; Figure 3 in the study of Dekov et al. [2005] ) as well as the distinct zonation across the kaolinitic veins (almost pure kaolinite in the central zone and kaolinite-smectite along the rim) suggest hydrothermal transformation of initially formed smectite to kaolinite through mixed-layer kaolinitesmectite [Dekov et al., 2005] . The d-spacing of the 060 peak (1.492 -1.499 Å ) seems to indicate that the original smectite was a montmorillonite with variable Mg content. Mg smectites form readily in alkaline and reducing environment [Howard and Fisk, 1988] more basic than that in the background seawater (pH > 8.5 [Siffert, 1962] ). Mg smectite at site 369 SL is supposed to form [Dekov et al., 2005] upon mixing of the hydrothermal fluids with seawater in a slightly alkaline and basic environment. Formation of kaolinite, on the other hand, occurs in neutral to slightly acidic conditions [Huertas et al., 1999] . An evolution of the basic environment to slightly acidic might have been responsible for the transformation of smectite to kaolinite. Thus the initially formed smectite during the first basic stage has been subjected to transformation to kaolinite through interstratified kaolinite-smectite during the second neutral to acidic stage. Detailed kaolinitization scenario of the primary smectite at this site is given elsewhere [Dekov et al., 2005] .
[37] The gradual change in the mineral association across some veins [major pyrite ± marcasite ± goethite (vein) ! goethite + pyrite ! pyrite traces (background sediment), and chamosite ± clinochlore (vein) ! chamosite ! clinochlore (background sediment) (Figure 3) ] suggests that chamosite is an alteration mineral. It probably replaces the primary detrital magnesian chlorite in microenvironments where Fe 2+ is made available through hydrothermal dissolution of detrital Fe minerals ([30] ) [e.g., Komninou and Sverjensky, 1995; de Oliveira and Santos, 2003] .
[38] Previous studies on hydrothermal sediment alteration at sediment-covered spreading centers revealed that the most common phyllosilicates were Mg smectites. In the hydrothermally altered Middle Valley sediments, Mg smectite is gradually replaced by chlorite-smectite and Mg chlorite deep in the sediment [Buatier et al., 1995; Lackschewitz et al., 2000] . Similar vertical sequence has been established in the altered sediments of the Escanaba Trough [Zierenberg and Shanks, 1994] : Mg-Fe smectite in the top ! Mg chlorite deep in the sediment. Smectite and chlorite are also the main phyllosilicates in the altered Guaymas Basin sediments [Koski et al., 1985] . At the Escanaba Trough, Zierenberg and Shanks [1994] described an additional, third alteration type, talc alteration. Koski et al. [1985] also describe talc in the Guaymas sediments. Each of these three types of alteration is considered to involve addition of Mg from seawater, which penetrates down and mixes with ascending hydrothermal fluid and thus the alteration type depends on the depth in sediment [Zierenberg and Shanks, 1994; Buatier et al., 1995; Lackschewitz et al., 2000] . However, Mg input to the hydrothermal alteration process does not necessarily require seawater Mg source, but can also result from local redistribution of Mg originally present in the background matrix (sediment, rock) [e.g., Saccocia and Gillis, 1995] . Additionally the alteration type is a function of proximity to the heat source (i.e., thermal gradient). Although the hydrothermal setting at Grimsey Graben differs from that at the other sediment-covered spreading centers (background sediment subjected to alteration: volcaniclastic vs. hemipelagic terrigenous; hydrothermal fluids: boiling vs. non-boiling) the main alteration type is also Mg smectite. However, the evolution of the hydrothermal system from slightly basic to slightly acidic leads to gradual replacement of the primary alteration type, smectite, with kaolinite through kaolinitesmectite at Grimsey [Dekov et al., 2005] . Chlorite alteration type is not magnesian (clinochlore), as at the other sedimented ridges, but ferrous (chamosite), which is interpreted to be a result of replacement of the detrital clinochlore where dissolved Fe 2+ is sufficiently available. Kerolite, which is highly disordered talc, is not a sediment alteration type at Grimsey, but rather a chimney precipitate redeposited in the sediments after chimney collapse.
Kerolite Precipitation, Resedimentation and Aquifer Formation
[39] Previous studies report talc [Hannington et al., 2001; Lackschewitz et al., 2006] and mixed-layer kerolite-stevensite [Kuhn et al., 2003] lining the conduits of the Grimsey vents. In the Grimsey sediments, we found kerolite ( Figure 4D ) and kerolite-smectite mixed-layer [Dekov et al., 2008] . On the basis of the detailed studies by Lackschewitz et al. [2006] on the phyllosilicates from the Grimsey vents we suggest it is more precise to term them highly disordered talc (i.e., kerolite) instead of talc. The smectite interstratifying with kerolite in the Grimsey vent field sediments is trioctahedral, but we have not obtained enough data to conclude whether it is stevensite or saponite [Dekov et al., 2008] . Kuhn et al. [2003] have not presented any data on this subject either and from a nomenclature point of view it is correct to name their occurrence rather kerolitesmectite using the broader term than kerolite-stevensite, which is more specific and needs particular proofs.
[40] SEM-EDS studies of Grimsey chimney samples revealed that spongy talc-like material grows on top of euhedral fibrous anhydrite crystals [Kuhn et al., 2003] . The features of the studied kerolite lumps (prismatic casts in their center, concentric growth) suggest that kerolite is a primary precipitate in the hydrothermal chimneys rather than an alteration product in the sediments. The very high formation temperatures (302-336°C; Table 2 ) support this suggestion. Kerolite probably precipitated after and on anhydrite crystals in the chimneys. It accumulated in the hydrothermal mounds upon the collapse of chimneys and dissolution of anhydrite (unstable at ambient temperature) leaving highly porous kerolitic beds (composed of hollow kerolite lumps with prismatic cavities), which built up the aquifer underlying the hydrothermal field. The perfectly rounded kerolite grains in the sediment indicate abrasion of kerolite lumps during mass flow transport. Core 459 SL, which contains kerolite-rich layers is located in a small valley (not visible at the scale of the map; Figure 1B ) running W-E that cuts the general N-S striking slope dipping to the east. It is quite possible that frequent earthquakes [Rögnvaldsson et al., 1998; Riedel et al., 2001] trigger mass-gravity flows, which discharge down the slope from the proximal (<50 m) hydrothermal mounds of the Grimsey northern hill ( Figure 1B ). These turbidity flows have therefore dispersed the chimney rubble and scattered the kerolite lumps in the proximate sediments.
[41] The formation temperatures of kerolite (302-336°C) are similar to those previously reported for kerolite-smectite (incorrectly determined as saponite [Lackschewitz et al., 2006] ) from the same vent field [Dekov et al., 2008] . These temperatures of kerolite precipitation have been found unreasonably high and puzzling [Dekov et al., 2008] since they cannot exceed the theoretical seafloor boiling T = 250°C for the Grimsey vent field [Hannington et al., 2001] . Dekov et al. [2008] comment on three processes that could have operated in the Grimsey Graben to produce negative d
18 O fluids (À4%) required for the calculated high temperatures of formation: (1) diagenesis of sediments; (2) seawater reaction with peridotite during serpentinization; and (3) mixing of isotopically light meteoric waters with circulating seawater. All these hypotheses are somewhat speculative and need to be proven.
Chemical Fluxes During Hydrothermal Alteration
[42] The composition of altered and unaltered sediments was used to assess chemical fluxes during the hydrothermal alteration (Table 3 ). The chemical variations among unaltered sediments are negligible and probably a function of the relative proportions of volcanic glass, feldspars, and quartz. Two of the three mineralogically distinguishable types of alteration (smectite and kaolinite) and kerolite-rich sediments show geochemical variations, which can be correlated with differences in the processes that form the different alteration types (Table 3; Figure 9 ). Manganese, Rb and Sr depletion, relative to unaltered sediment, is common to the alteration processes and for the kerolitic sediments ( Figures 9A, 9B, 9C , and 9F). The enrichment of Mn and Rb in the Grimsey hydrothermal fluids relative to the bottom seawater [Lackschewitz et al., 2006] , and Mn and Sr enrichment in the altered sediment pore fluids relative to the background sediment pore fluids (Table 4) suggests that leaching and removal of these elements away from the altered sediment causes their depletion in Mn, Rb and Sr. The alkali elements show different behavior during the sediment alteration. While Li is generally enriched and Rb is depleted in altered sediments, Cs frequently behaves conservatively during alteration ( Figure 9B ), although it is enriched in the hydrothermal fluids [Lackschewitz et al., 2006] . The clear trend of down core increase of Li content in the altered sediment pore fluids (Table 4) testifies to hydrothermal Li input from beneath and its uptake by the sediment during alteration. Cesium depletion in the kerolitic and some kaolinitic sediments might be due either to dilution by Cs-poor minerals (kerolite, sulphates, sulfides) or to Cs removal. The Grimsey hydrothermal fluid plots exactly at the Rb/Cs regression line of the Grimsey altered sediments ( Figure 9B ) suggesting the sediment might have inherited the Rb/Cs ratio of the reworking fluid. Rb/Cs regression line between unaltered sediment and hydrothermal fluid (not in Figure 9B ) suggests that the kerolite, 1 smectite and 2 kaolinite samples (all with low Rb/Cs ratio) might have precipitated from (in equilibrium with) hydrothermal fluid reworking background sediment. While this is certain for kerolite we suppose the smectite and kaolinite (all three samples from the lowest core sections) are result of a prolonged sediment alteration during which they have inherited the Rb/Cs ratio of the reworking hydrothermal fluid. The strong correlation between Ti, Zr, Hf, Sc, Cr, Nb and Sn (Figures 9D and 9E ; Table 3 ) is consistent with the conservative behavior of these elements. The enrichment of these elements in the smectitic and the kaolinitic sediments and their depletion in the kerolitic sediments ( Figures 9D  and 9E) is not caused by their mobility, but by passive enrichment (1) and depletion (2), respectively: (1) leaching and removal of mobile elements (as the alkali and alkalineearth elements) and residual enrichment of immobile elements; (2) dilution by precipitation of sulfates, sulfides and kerolite (with very low immobile element concentrations). A second feature common to all the altered sediments is the enrichment of U ( Figure 9A ) and a series of elements which behave similarly: Mo, Ba, Sb, Pb, As, Bi, Ag, Tl and Ga (Table 3 ). The concentrations of these elements in the altered sediment pore fluids are lower than those in the background sediment pore fluids (Table 4) , which implies for uptake of these elements by the sediment during hydrothermal alteration. This accounts for the observed enrichment of the altered sediment. Enrichment of Pb (which is enriched in the hydrothermal fluids [Lackschewitz et al., 2006] ) could be caused by the precipitation of Pb sulfides. Base metals (Cu, Zn, Co) exhibit a similar behavior in the altered sediments. Kaolinitic sediments and part of the smectitic sediments are enriched in base metals ( Figure 9F ). Those samples which have base-metal concentrations below or similar to those of the background sediment are either enriched in sulfates or are surface sediments which are least altered and with low sulfide contents. This suggests that the base-metal content of the altered sediments is controlled mainly by dilution and/or enrichment produced by the precipitation of base-metal poor (sulfates) and/or base-metal rich (sulfides) phases, respectively.
[43] The alteration processes have a limited effect on the concentrations and distribution of the REE (Table 3, Figure 8 ). Sediments subjected to smectite alteration are slightly enriched in REE relative to the background sediment, but retain the features of the unaltered sediment: LREE-enriched relative to HREE, no Ce and Eu anomalies ( Figure 8B , Table 3 ). The observed REE enrichment does not seem to have been the result of hydrothermal input since the Grimsey hydrothermal fluids have very low REE con-centrations (SREE = 1.8 mM/l [Lackschewitz et al., 2006] ). The hydrothermal leaching and removal of mobile elements such as Si, alkalis and alkaline-earths might have caused the slight REE enrichment. Pure smectite separates show enrichment in light-REE and depletion in heavy-REE relative to the background sediment and a weak negative Eu anomaly ( Figure 8D ). REE distribution patterns of the clay fraction composed of smectite and chlorite are smooth, with [Lackschewitz et al., 2006] . no anomalies and are similar to those of the unaltered sediment ( Figures 8C and 8D ). REE patterns of the kaolinite samples ( Figure 8C ) are relatively smooth and show REE depletion in the lower core sections, REE enrichment in the middle core sections and REE levels of the surface sediments equal to those of the background sediment. There are 3 possible explanations of this observation: (1) leaching of the REE from the lower sediment horizons and their reprecipitation in the middle horizons; (2) passive depletion-enrichment of the REE via precipitation of sulfates (lower horizons)-leaching of mobile elements (Si, K, Na, Ca, etc.) (middle horizons); (3) enrichment/depletion is the signature of two processes: smectite and kaolinite formation. The lower sections contain kaolinite, which is depleted in the REE. The middle horizons contain smectite, which is enriched in REE, or kaolinite-smectite. Since smectite formed first, these horizons were enriched in REE. The process of smectite kaolinization would tend to reverse the REE signature but it did not progress sufficiently, as it did in the lower sections. None of the previous explanations deals with the REE signature in the surface horizons. However, these sediments show the least alteration and it is reasonable to suggest that they preserve the original REE pattern. Penetrating down bottom seawater and upwelling vent fluids at Grimsey have very low REE content (SREE seawater < 0.1 mM, SREE vent fluid = 1.8 mM [Lackschewitz et al., 2006] ). They hardly play a substantial role in the direct REE input to kaolinite or smectite and their function to the net REE loss/gain confines to REE redistribution in the sediment. REE distribution patterns of kerolite ( Figure 8D) give 2 important clues: (1) the extremely low REE contents and strong positive Eu anomalies indicate the kerolite formed from high-temperature hydrothermal fluids, i.e., confirmed the suggestion that it formed in the hydrothermal vents; (2) the low REE content of the kerolitic sediments ( Figure 8B ) is due to the dilution effect of kerolite, which has low REE concentrations.
Conclusions
[44] Our study of the hydrothermal alteration of sediments at the Grimsey vent field has revealed:
[45] 1. The background sediments of the Grimsey Graben can be interpreted as composed of a mixture of rhyolitic and basaltic volcaniclastic material (40:60) originating from the north Icelandic volcanoes Krafla and Theistareykir, respectively.
[46] 2. These sediments are subjected to hydrothermal alteration of 3 different types, which produces smectite, kaolinite and chlorite.
[47] 3. The most common type of alteration is the smectite-type. The dominant smectite in the deepest sediments is beidellite, which decreases up core, where magnesian di-octahedral smectite (montmorillonite) and an intimate mixture of di-and tri-octahedral smectite prevail. This gradual vertical change from Al-to Mg-smectite upward suggests an increase in the Mg supply toward the seafloor. The smectite alteration is a result of sediment interaction with the ascending Si-rich hydrothermal fluids mixing with descending Mg-rich seawater. Hydrothermal leaching of primary Mg-aluminosilicates from the deeper sediments supplies additional Mg to the upper sediments.
[48] 4. There is a vertical sequence, from bottom to top, of kaolinite ! mixed-layer kaolinite-smectite ! smectite, which suggests the hydrothermal transformation of initially formed smectite to kaolinite through kaolinite-smectite in an environment evolving from slightly basic to slightly acidic and/or from Mg-rich to Mg-poor.
[49] 5. Ferrous chlorite (chamosite) appears as an alteration mineral replacing the detrital Mg-chlorite in veins, as Fe is made available from detrital Fe mineral dissolution.
[50] 6. Sediment alteration occurs at temperatures 95-160°C (smectite at T = 95-116°C; kaolinite at T = 150-160°C), which is consistent with measured sediment ($100°C) and vent fluid ($250°C) temperatures.
[51] 7. Kerolite precipitated at high temperatures (302-336°C) after and on anhydrite in the chimneys. It then accumulated in the hydrothermal mounds after the chimney collapse and the dissolution of anhydrite, thereby forming highly permeable aquifer layers underlying the vent field. Finally, it was scattered in the proximal sediments through turbidity flows.
[52] 8. The altered sediments have been depleted in Mn, Rb and Sr, and enriched in U, Mo, Pb, Ba, As, Bi, Sb, Ag, Tl and Ga relative to unaltered background sediment due to leaching and precipitation, respectively. They also experienced depletion and enrichment in elements with conservative behavior like Ti, Zr, Hf, Sc, Cr, Nb and Sn during the hydrothermal processes. This is a passive (precipitation or/ and leaching of other phases) rather than active (due to their mobility) process. The base-metal content of the altered sediments is controlled mainly by dilution and (or) enrichment caused by precipitation of base-metal-poor and (or) base-metal-rich mineral phases (sulfates and (or) sulfides).
[53] 9. The pore fluids of altered sediment have Mg, Fe, Mn, Li and Sr concentrations higher than those of the background sediment pore fluids. The vertical distributions of these elements do not show any trend with depth in the background sediment pore fluids, while a Fe, Mn and Li content increase, and Mg and Sr decrease is observed with depth in the altered sediment pore fluids. The concentrations of U, Mo, Ba and Sb in the altered sediment pore fluids are lower than those in the background sediment pore fluids. This enrichment or depletion of the pore fluids of some elements during the hydrothermal reworking of the sediment is a result of both hydrothermal dissolution of primary minerals and hydrothermal input, or due to uptake of these elements by the sediment, respectively.
